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Abstract—The experimental data on methane f luxes into the atmosphere from Fennoscandian lakes is ana-
lyzed. The contribution made by the lake network of this northern region to the atmospheric methane budget
is estimated as 320 ± 23 KtCH4 per year. From 16 to 37% of the annual methane emission from Fennoscan-
dian lakes is carried out by methane produced during the ice cover period. The methane f luxe rate from stud-
ied lakes is estimated as 2.6 ± 0.2 gCH4m–2 yr–1. Among lakes of the region, small lakes (area <0.1 km2) are
the most intensive sources of atmospheric methane per unit area.
Keywords: methane f luxes, lakes, natural zones, Fennoskandia
DOI: 10.1134/S0001433818060075
INTRODUCTION
Globally lakes cover 5.4 × 106 km2, which is about
3.7% of the surface area of the continents [1]. Despite
the small surface area of the Earth occupied by lakes,
these water bodies play an important role in the global
and regional carbon cycles [2, 3]. There is an accumu-
lation of organic matter in the bottom sediments of
lakes. As a result of this process, part of atmospheric
carbon is removed from the global cycle. At the same
time, lakes emit greenhouse gases into the atmosphere
and, in particular, they represent one of the largest
natural sources of atmospheric methane. The meth-
ane f lux into the atmosphere from the world’s lake
network is estimated at 47–140 MtCH4 per year [4],
which is 24–27% of the global methane emission from
natural sources.
Methane in lakes is a result of organic matter
decomposition of bottom sediments by microorgan-
isms in the anoxic conditions. Methane formed in the
bottom sediments is partially absorbed by a number of
lake microorganisms in bottom sediments and on sed-
iments surface [5]. Methane formed at the bottom of
lakes can be emitted into the atmosphere through dif-
fusion, ebullition (bubble f lux from sediments) and
vascular plants growing at shallow parts of lakes
(plant-mediated f lux) [6]. In case of a diffusion trans-
port some methane is oxidized by methane-oxidizing
bacteria in the lake water column, which leads meth-
ane emission to decrease. In case of ebullition the oxi-
dation of methane in the lake water column does not
occur. The share of the methane bubble f lux in its total
emission from northern lakes over the warm season
(ice-free period) can exceed 80% [3, 7, 8]. On some
lakes there is no bubble emission of methane at all [7, 9].
Vascular plants growing in the shallow-water part of
lakes take methane formed in the bottom sediments by
their roots and release it through their leaves into the
atmosphere [6]. Methane emission from the shallow
parts of some lakes by vascular plants can exceed 90%
of the annual methane emission from lake shallow
water [10, 11]. The methane emission from lakes
essentially depends on the amount of organic matter in
the bottom sediments and on the physico-chemical
properties of the lake water column [5]. Field studies
have shown that the methane f lux per unit area into
the atmosphere from the deep-water part of the lakes
is usually much less than the similar f lux from the
shallow-water part [8, 11, 12].
The methane emission from lakes occurs continu-
ously over the warm period. For many lakes in temper-
ate latitudes with a distinct stratification of water col-
umn, a brief but intense eff lux of methane into the
atmosphere have been recorded during the autumn
turnover of lake water [6, 13]. Methane production in
the northern lakes occurs also in the ice cover period
before the freezing of the lake and its bottom sedi-
ments. Many tundra and boreal lakes remain unfrozen
during the winter and methane production in these
lakes occurs all year-round. The methane formed in
the ice cover period accumulates in the lake water,
partially freezes into ice and is intensively emitted into1 The article was translated by the authors.570
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spring lake mixing [14–17]. The spring methane f lux
into the atmosphere from particular lakes reaches 84%
of the annual methane emission from them [15]. How-
ever, in some lakes there is no significant methane
emission during ice thaw due to the activity of methane-
oxidizing bacteria in the water column of these lakes
over the winter and early spring periods [13].
Latitudes between 45° and 75° N are characterized
by the highest density of lakes [1]. In recent years,
much attention has been paid to studies of the role of
these lakes in carbon cycle at global and regional levels
[3, 18–20]. In this paper, we analyze the experimental
data on methane emissions from Fennoscandian lakes
and estimate the contribution of the lake network in
this vast northern region to the atmospheric methane
budget.
MATERIALS AND METHODS
Territory of Fennoscandia (Fig. 1) includes the
Scandinavian and Kola peninsulas, territories of Fin-
land and Karelia. In this study, Karelia is considered
without the water areas of Onega and Ladoga lakes.
There are tundra, forest-tundra and forest zones in the
Fennoscandian territory [21]. Tundra zone is repre-
sented by landscapes of arctic and alpine (high-moun-
tain) tundra, forest-tundra zone is represented by for-
est-tundra plant communities of the Kola and Scandi-
navian peninsulas. Forests of Fennoscandia are
subdivided into zones of boreal forests (north-, mid-
dle- and south-taiga forests), mixed broadleaved-
coniferous forests and broadleaved forests.
The area of Fennoscandia is 1.5 million km2 and
9% of its territory is occupied by lakes [22, 23]. The
largest areas of lake coverage for the territory of Fen-
noscandia are typical for Finland and Karelia—10 and
12% respectively [23, 24]. In the region under consid-
eration glacial and tectonic lakes predominate. Most
of Fennoscandian lakes have a small area of water sur-
face. For example, in Finland about 56 thousand lakes
have a surface area over 0.01 km2, whereas there are
more than 134 thousands lakes with an area less than
0.01 km2 [24], in Karelia only 2% of lakes have an area
over 1.0 km2 [23].
A number of water bodies in the territory of Fen-
noscandia are reservoirs that are created on lakes and
rivers. Due to the peculiarities of geological structure
and relief of the region, when reservoirs were created
additional f looded areas remained insignificant. Two
large reservoirs in northern part of Finland Lokka
(area 417 km2) and Porttipahta (area 214 km2) are an
exception. When they were created, significant territo-
ries were f looded, more than 65 and 32% of which
were occupied respectively by peat deposits and min-
eral soils [25]. The mineralization of organic matter
found at the bottom of these reservoirs leads to more
intensive methane emission from these reservoirs inIZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS comparison with natural lakes. Without loss of gener-
ality in this article reservoirs are included in the lake
network of the region.
For this study, lake areas were obtained from water
body database collected by the Finnish Environment
Institute (http://www.syke.fi), Swedish Meteorologi-
cal and Hydrological Institute (http://opendata-
view.smhi.se), Norwegian Water Information System
(http://vann-nett.no). Lake networks for the Kola
Peninsula and Karelia were analyzed on the basis of
GIS technologies and satellite imagery MODIS avail-
able from the EarthExplorer portal of the US Geolog-
ical Survey (https://earthexplorer.usgs.gov). Accord-
ing to the used databases, in the territories of Norway
and Sweden lakes with a surface area from 0.01 and
0.001 km2 respectively were taken into account. Spa-
tial resolution of satellite images MODIS allows to
take into account water objects with an area from
0.06 km2. In the database of lakes in Finland, water
bodies with a surface area of more than 1.0 km2 are
mainly considered, and smaller lakes are partially
taken into account. Areas of Finland lakes with a sur-
fase area up to 1.0 km2 were refined according to data
[24]. Information on the lake network and the geo-
graphical distribution of the natural zones (biomes)
for Fennoscandia was processed using the ArcGIS
software package.
In this study, the lakes are grouped into five size
classes: small lakes have the surface areas less than
0.1 km2, middle lakes have the surface areas 0.1–1.0
and 1.0–10 km2, large lakes have the surface areas 10–
100 km2 and more than 100 km2.
The contribution of the Fennoscandian lake net-
work to the atmospheric methane budget was esti-
mated on the basis of published data on methane
fluxes into the atmosphere from the lakes in various
regions of Finland and Sweden and of field research
data obtained at the lakes of Paanajarvi National Park
in Republic of Karelia. Calculations of the annual
methane emission from lakes of Fennoscandian natu-
ral zones were carried out on the basis of the lake net-
work areas and durations of the emission period in
these zones. When calculating the annual methane
emission from forest lakes of the region, the deep-
water and shallow-water areas of lakes were taken into
account. In this paper, as in [26], the methane emis-
sion period characteristic of the natural zone under
consideration is the growing season of this zone, i.e.
period with a daily mean near-surface air temperature
no less than 5°C.
RESULTS AND DISCUSSION
Natural zones of Fennoscandia, their climatic char-
acteristics and lake covers. Analysis of cartographic
information on European vegetation [21] showed that
about 64% of the territory of Fennoscandia is occu-
pied by boreal forests. Tundra and forest-tundra land- Vol. 54  No. 6  2018
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Fig. 1. Geographical distribution of natural zones in Fennoscandia: 1—Alpine tundra, 2—Arctic tundra, 3—Forest-tundra, Kola
Peninsula, 4—Forest-tundra, Scandinavian Peninsula, 5—Northern boreal forest, 6—Middle boreal forest, 7—Southern boreal
forest, 8—Mixed forest, 9—Broadleaved forest.
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Zones of mixed and broadleaved forests represent
about 10 and 1% of the Fennoscandian territory
respectively.
The main climatic characteristics for natural zones
of Fennoscandia were calculated from the data taken
by 62 meteorological stations located in the different
natural zones of the study territory for the period from
1994 to 2014 (Table 1). Mean annual near-surface
temperature varies from –1.0 to 3.4°C in northern
regions of Fennoscandia and from 6.5 to 8.2°C inIZVESTIYA, ATMOSPHERsouthern regions. For the territory under study, the
warmest and coldest months are July and February,
respectively. The average annual total precipitation
increases from 500 mm for tundra in the north-eastern
part of the territory under study to 860 mm in broad-
leaved forests in the south-west of the region. The
growing period lasts 100–130 days in tundra zone and
increases to 210–250 days in zones of mixed and
broadleaved forests for the territory.
Calculated surface areas for the lake size classes in
Fennoscandian natural zones are given in Table 2.IC AND OCEANIC PHYSICS  Vol. 54  No. 6  2018
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Table 1. Main climatic characteristics of natural zones in Fennoscandia
T is near-surface air temperature, P is annual precipitation, T>0 is the sum of positive temperatures, Veg is the duration of growing sea-
son. Climatic characteristics were obtained from data collected by the The European Climate Assessment & Dataset
(http://www.ecad.eu/) and the All-Russian Research Institute of Hydrometeorological Information–World Data Center
(http://meteo.ru/data/).
Natural zones
T, °С
P, mm/yr T>0, °С Veg, days
year February July
Arctic tundra (ArcT) 1.8 –6.6 10.8 507.9 1388.5 130.0
Alpine tundra (AlpT) –1.0 –8.8 8.7 – 905.2 99.0
Forest-tundra, Scandinavian Peninsula (FoT_Sk) 3.4 –5.8 14.3 951.5 2062.8 168.7
Forest-tundra, Kola Peninsula (FoT_Ko) 0.0 –12.3 13.1 497.3 1484.3 128.7
Northern boreal forest (NBF) 1.5 –11.0 15.3 493.9 1853.2 145.4
Middle boreal forest (MBF) 3.0 –8.7 16.2 620.9 2130.7 161.3
Southern boreal forest (SBF) 5.2 –5.4 17.1 669.5 2482.0 184.4
Mixed forest (MixF) 6.5 –3.1 17.4 734.5 2767.3 210.9
Broadleaved forest (BrLF) 8.2 0.4 17.3 857.2 3134.5 251.6
Table 2. Surface areas (103 km2) for the lake size classes in natural zones of Fennoscandia
Names of natural zones are given in Table 1.
Lake size class, km2
Natural zones
Total area
ArcT AlpT FoT_Sk FoT_Ko NBF MBF SBF MixF BrLF
<0.1 0.1 0.4 1.7 0.1 1.4 1.2 0.9 0.2 0.04 6.0
0.1–1 0.4 0.8 3.2 0.3 4.0 3.5 2.8 1.5 0.1 16.6
1–10 0.4 0.5 3.6 0.4 6.5 6.1 4.6 2.5 0.2 24.8
10–100 0.3 – 4.2 0.3 7.6 5.4 5.1 2.5 0.1 25.5
>100 – – 2.4 0.1 21.2 7.8 8.6 11.0 – 51.1
Total area 1.2 1.7 15.1 1.2 40.7 24.0 22.0 17.7 0.4 124.0Territories of northern taiga, southern taiga and mixed
forests of the region have the largest areas of the lake
cover (11–13%). Lakes cover 4, 7, and 8% of territories
in the forest-tundra zone of Kola and Scandinavian
peninsulas and in the middle taiga forests zone, respec-
tively. The smallest areas of the lake cover (2–3%) in the
region are typical for tundra and broadleaved forests.
Methane fluxes into the atmosphere from subarctic
lakes of Fennoscandia. Measurements of methane
fluxes into the atmosphere from subarctic lakes of
Fennoscandia were carried out near the Abisko Scien-
tific Research Station (68°21′ N, 19°02′ E; Sweden)
[15, 27–31]. Over the warm season diffusive methane
fluxes from small lakes of the district into the atmo-
sphere varies from 4.5 to 69.1 mgCH4m–2d–1 [15, 27]
with average value 21.7 mgCH4m–2d–1. According to
data given in [15] the average daily diffusive methane
flux from middle lakes is estimated at 5.4 mgCH4m–2
with variability from 3.2 to 8.0 mgCH4m–2d–1. Accord-
ing to [28] the diffusive methane f lux from the largest
lake Tornetrask (area 345 km2) of the district is about
7% of the mean methane emission from small andIZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS middle lakes of the district which was estimated at
12 ± 8 mgCH4m–2d–1 [30]. Taking into account these
data, we estimated the diffusive methane f lux from
large lakes in the northern part of Fennoscandia as
0.9 mgCH4m–2d–1. According to [29] during the warm
period the share of bubble emission in the methane
flux into the atmosphere from subarctic lakes of Swe-
den varies from 46 to 81% and average value is 64%.
The short-term spring methane eff luxes during the ice
thaw into the atmosphere for lakes of this region are
3–84% [15, 27, 30, 31] (average value is 37%) of
annual methane emissions from these lakes.
The obtained estimate for the diffusive methane
flux from small lakes in the subarctic region of Fen-
noscandia is comparable to the average values of dif-
fusive f luxes from small lakes in the north of Yakutia
(22.6 ± 17.9 mgCH4m–2d–1 according to [32]) and in
tundra and forest-tundra of Alaska (21.2 ±
11.6 mgCH4m–2d–1 according to [20]). At the same
time, the obtained estimate is significantly higher than
the median values for diffusive methane f luxes from
small lakes in forest-tundra of Western Siberia Vol. 54  No. 6  2018
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Fig. 2. Proportion of the total area of the lake size class
occupied by shallow-water part of lakes for boreal zone in
Fennoscandia [10, 12, 23].
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Lake size class, km2(5.3 mgCH4m–2d–1 [33]), in tundra of Canada
(12.8 mgCH4m–2d–1 [34]) and Western Siberia
(2.7 mgCH4m–2d–1 [26]). The estimate for the diffu-
sive methane f lux from middle lakes in the subarctic
region of Fennoscandia is less than the average value
of similar f luxes from middle lakes in tundra and for-
est-tundra of Alaska (12.1 ± 5.4 mgCH4m–2d–1
according to [20]) and exceeds the median for methane
fluxes from tundra lakes of Canada (1.4 mgCH4m–2d–1
according to [34]). The obtained estimate of the aver-
age share of the bubble methane f lux in the total meth-
ane emission over the warm season for lakes of the
study region lies in the ranges of bubble methane emis-
sion reported for arctic lakes of Canada (20–65% [34])
and for tundra and forest-tundra lakes of Alaska (9–
90% [20]). Calculated average value of spring methane
efflux into the atmosphere from subarctic lakes of
Fennoscandia is close to the upper boundary of the
range of methane emissions during the ice thaw from
northern lakes of Alaska (4–26% of annual methane
emissions from lakes [20]).
Methane fluxes into the atmosphere from boreal
lakes of Fennoscandia. Measurements of methane
f luxes into the atmosphere from boreal lakes in Fen-
noscandia were carried out over deep-water parts and
shallow-water areas with and without vegetation.
According to [10, 12, 23] middle lakes with a surface
area of 0.1–1 km2 have the largest shallow-water
parts among Fennoscandian boreal lakes (Fig. 2).
According to [6, 7, 35–37] the highest diffusive
methane emissions from the deep-water parts of the
boreal lakes in the region are observed in small lakes
(range is from 0.3 to 54.4 mgCH4m–2d–1, average
value is 9.2 mgCH4m–2d–1). Based on [6, 7, 35, 36,
38], diffusive methane f luxes into the atmosphere
from the deep-water parts of middle lakes of the size
classes of 0.1–1 km2 and 1–10 km2 are ranged between
0.6 and 4.7 mgCH4m–2d–1 and between 1.7 andIZVESTIYA, ATMOSPHER2.9 mgCH4m–2d–1, respectively (average values for the
fluxes are 2.3 mgCH4m–2d–1 and 1.8 mgCH4m–2d–1).
According to [35, 37, 39] diffusive methane f luxes into
the atmosphere from the deep-water parts of large
lakes are ranged from 0.1 to 19.0 mgCH4m–2d–1 with
an average of 1.1 mgCH4m–2d–1. It follows from [10,
11, 40] that methane emission from shallow-water parts
of boreal lakes in the region through vascular plants and
diffusion varies from 75.2 ± 13.1 mgCH4m–2d–1 on
small lakes to 212.3 ± 20.7 mgCH4m–2d–1 on large
lakes. The diffusion methane f lux in this emission can
be 1–22% [41]. Several studies [7, 9, 11, 16] showed
that the share of bubble methane f lux to methane
emission over the warm period from boreal lakes of the
region can vary over a wide range (0–86%) and their
average values are 42 and 21% for the deep- and shal-
low-water parts of lakes respectively. According to [42]
fraction of bubble methane f lux in diffusion-bubble
methane emission over the warm period from shallow-
water parts of southern taiga lakes can be estimated at
56–79%. It should be noted that data on the methane
fluxes from lakes Lokka and Porttipahta are not taken
into account in calculations of average values for the
diffusive and bubble emissions of methane from boreal
lakes. According to [9, 13, 25, 43, 44] the short-term
spring methane eff lux during the ice thaw into the
atmosphere from boreal lakes of the region vary from
0.01 to 3.5 gCH4m–2, which are 4.0–64.5% (average
value 16.4%) of the annual methane emission from
these lakes. Studies [11, 44] showed that methane
emission over the ice cover period from shallow-water
parts of boreal lakes through vascular plants are 11–
16% (average value 13%) of the annual methane emis-
sion from these parts of lakes.
The obtained estimates for the diffusive methane
flux from lakes in the boreal zone of Fennoscandia are
close to the average values of diffusive methane f luxes
from Canadian boreal lakes (13.0 ± 10.2 mgCH4m–2d–1
according to [45]), from small lakes of northern taiga
and middle lakes of southern taiga in Alaska (18.7 ±
0.5 and 17.1 ± 1.3 mgCH4m–2d–1 respectively, accord-
ing to [20]). A wide range of changes for the share of
the bubble methane emission in the total methane
emission over the warm season for boreal lakes of the
study region was also observed on boreal lakes of Alaska
(0–81% [20]) and Western Siberia (19–37% [33]). The
obtained value of the spring methane eff lux into the
atmosphere from boreal lakes of Fennoscandia is less
than values of methane emissions during the ice thaw
from boreal lakes of North America (40–44% of
annual methane emission from lakes [14, 46]).
Methane fluxes into the atmosphere from mixed for-
ests lakes of Fennoscandia. Measurements of methane
fluxes into the atmosphere from lakes of the Fennos-
candian mixed forests zone were carried out over the
warm seasons in southern Sweden. Methane f lux into
the atmosphere by diffusion from the surface of smallIC AND OCEANIC PHYSICS  Vol. 54  No. 6  2018
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Fig. 3. Estimates of annual methane fluxes into the atmosphere (average values and standard deviations) from the lake size classes
for natural zones of Fennoscandia. Names of natural zones are given in Table 1.
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varies over a fairly wide range from 1.0 to
25.6 mgCH4m–2d–1 [6–8, 42, 47]. It follows from [6,
7, 36, 47] that diffusive methane f luxes from middle
lakes of the size class of 0.1–1 km2 for mixed forests
zone in the region is estimated at 4.4 mgCH4m–2d–1
with a change in the range of 0.7–8.2 mgCH4m–2d–1.
According to the same authors, methane f luxes into
the atmosphere by molecular diffusion from middle
lakes of the size class of 1–10 km2 vary from 0.5
to 6.6 mgCH4m–2d–1 with average value of
2.9 mgCH4m–2d–1. The diffusive methane emission
from large lakes for natural zone under study was esti-
mated by us as 1.9 mgCH4m–2d–1 using values of
methane f luxes into the atmosphere from Tämnaren
lake (area 38 km2) [48]. Based on [7, 8, 42] methane
fluxes by ebullition into the atmosphere from lakes of
the Fennoscandian mixed forests zone are 56–91%
of total methane emission from these lakes over the
warm period and the average values are 71 and 80%
for the deep- and shallow-water parts of lakes respec-
tively. It follows from [10, 41] that methane emissions
through vascular plants from shallow-water parts of
mixed forests lakes in the region vary from 63.7 to
277.6 mgCH4m–2d–1.
The obtained estimates for diffusive methane
fluxes into the atmosphere from lakes of the Fennos-
candian mixed forests zone are close to the averageIZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS values of similar methane f luxes from Wisconsin lakes
(9.5 ± 4.1 mgCH4m–2d–1 for small lakes and 4.0 ±
2.0 mgCH4m–2d–1 for middle lakes [6]) and much less
diffusive methane f lux from lakes in Quebec
(35.2 mgCH4m–2d–1 [49]). Significant variation in the
bubble methane emission from lakes of mixed forests
of Fennoscandia is typical for forest lakes of other
regions, for instance, Wisconsin lakes (11–80% [6]).
The contribution of Fennoscandian lakes to the
methane budget of the atmosphere. Using data on the
methane emissions from lakes in the subarctic region
of Sweden, annual methane emissions from lakes of
the various size classes for tundra and forest-tundra
zones of Fennoscandia are calculated (Fig. 3). It fol-
lows from the obtained results that lakes with a surface
area less than 0.1 km2 are intensive sources of methane
in tundra and forest-tundra zones of Fennoscandia.
Annual methane emissions from lakes of this size class
lie within the range from 9.5 to 16.2 gCH4m–2. The
contribution of tundra and forest-tundra lakes of Fen-
noscandia to the methane budget of the atmosphere is
estimated as 73 KtCH4 per year, in which the portion
of methane emissions from lakes in forest-tundra zone
of the Scandinavian Peninsula is 80% (Fig. 4a).
Based on methane emissions from the deep- and
shallow-water parts of lakes for boreal zone of Fennos-
candia, the annual methane emissions from lakes of
northern, middle and southern taiga for the region Vol. 54  No. 6  2018
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Fig. 4. Estimates of annual methane fluxes into the atmosphere from the lake network (a) and per unit area of lakes (b) for natural
zones of Fennoscandia (average values and standard deviations). Names of natural zones are given in Table 1.
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(b)under study are estimated (Fig. 3). It is worth noting
that when calculating annual methane emissions from
large lakes in the northern taiga, we took into account
our estimates of the annual methane emissions from
Lokka lake and Porttipahta lake (9.2 and 0.2 KtCH4
per year respectively) which were obtained based on
[25]. According to our calculations, in boreal forests
zones of Fennoscandia small lakes are also the most
intensive sources of methane per unit area than lakes
of larger size classes. Methane emissions from these
lakes range from 4.3 to 6.1 gCH4m–2yr–1. Note that
methane f luxes from small boreal lakes into the atmo-
sphere are lower than the methane emissions fromIZVESTIYA, ATMOSPHERsmall lakes in tundra and forest-tundra zones of the
region under study. The contribution of boreal lakes in
Fennoscandia to the methane budget of the atmo-
sphere is about 183 KtCH4 per year, with the largest
share (about 38%) in methane emissions from north-
ern taiga lakes (Fig. 4a).
Using estimates of methane emissions from the
deep- and shallow-water parts of lakes for mixed for-
ests zone of Fennoscandia, the annual methane f luxes
into the atmosphere from lakes of this natural zone
and broadleaved forests zone are calculated (Fig. 3).
Data on methane f luxes into the atmosphere from
lakes of these natural zones during the ice thaw andIC AND OCEANIC PHYSICS  Vol. 54  No. 6  2018
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Fig. 5. Estimates of annual methane fluxes into the atmosphere from Fennoscandian lakes for each lake size class (average values
and standard deviations): (a) for the lake network, (b) for unit area of lakes.
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(b)spring mixing of lake water are absent in publications.
No studies have also been carried out to estimate the
methane f luxes to the atmosphere by means of vascu-
lar plants from shallow-water parts of these lakes in the
ice cover period. The value of the short-term spring
methane f lux into the atmosphere and the value of
methane emission from shallow-water parts in the ice
cover period from boreal lakes of the region are used as
values of the similar methane f luxes from lakes of
mixed and broadleaved forests zones. Our calculations
show that these lakes emit from 2.5 to 11.4 gm–2yr–1 of
methane into the atmosphere. The annual contribu-
tion of mixed and broadleaved forest lakes of Fennos-IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS candia to the methane budget of the atmosphere is
about 63 KtCH4 (Fig. 4a).
Based on the obtained estimates, the small water
bodies in Fennoscandia are the most intensive
sources of methane per unit area among lakes. Meth-
ane emissions from these lakes vary from 4.3 to
16.2 gCH4m–2yr–1 (Fig. 3). A number of studies [6, 8,
14, 50] also point to significant methane f luxes into
the atmosphere per unit area from small water bodies.
According to our calculations, the contribution of
Fennoscandian lakes to the methane budget of the
atmosphere is estimated as 320 ± 23 KtCH4 per year. Vol. 54  No. 6  2018
578 GOLUBYATNIKOV, MAMMARELLAThe greatest parts at 19–22% (60–70 KtCH4yr–1) of
the total methane emission from lakes of the region is
made by northern and southern taiga lakes and mixed
forests lakes (Fig. 4a). Middle taiga lakes and forest-
tundra lakes of the Scandinavian Peninsula emit about
17–18% (53–58 KtCH4yr–1) of the total methane
emission from lakes of the region. Lakes of remaining
natural zones in Fennoscandia have the insignificant
contribution to the total methane emission from the
lakes (1–2%, 3–7 KtCH4yr–1). It is noted that the
highest methane emission per unit area (about
7.2 gCH4m–2yr–1) is observed for broadleaved forests
lakes while the lowest values of one are typical for
northern and middle taiga lakes (1.7–2.2 gCH4m–2yr–1)
(Fig. 4b).
The calculated values of methane f luxes into the
atmosphere from Fennoscandian lakes of the various
size classes are shown in Fig. 5. The annual methane
emissions from lakes with areas less than 0.1, 0.1–1.0,
1–10 km2 are 53 ± 17, 65 ± 7, 83 ± 8 KtCH4 per year
respectively (Fig. 5a). Lakes larger than 100 km2 emit
about 66 ± 9 KtCH4 per year. Small lakes have higher
methane f luxes per unit area into the atmosphere than
other lakes of the region, the lower methane f luxes per
unit area are typical for large lakes (Fig. 5b).
According to [3, 19] the annual methane f lux into
the atmosphere per unit area of lakes located to the
north of 50° N is estimated as 8.7 gCH4m–2yr–1. From
the obtained estimate for the annual methane flux from
the lake network of Fennoscandia, it follows that the
methane flux rate from lakes of this region is estimated
as 2.6 ± 0.2 gCH4m–2yr–1, which is about 30% of the
annual methane flux per unit area of northern lakes.
CONCLUSIONS
Analysis of databases on water bodies of Fennos-
candia showed that lakes of this region occupy about
124 × 103 km2. Small, medium and large lakes cover 5,
33, and 62% of the total Fennoscandian lake area
respectively. It should be noted that lakes larger than
100 km2 occupy about 41% of the total lake area in the
region. Globally, the Fennoscandian lake area is 2.2%
of the world lake network area and 6.1% of the total
area for lakes located above 50° N.
Based on published estimates of the methane emis-
sions from lakes in different natural zones of Finland
and Sweden and on our experimental measurements
of methane f luxes from lakes in the northern taiga of
Karelia, the annual methane emission from the Fen-
noscandian lake network is obtained. According to the
calculations, the contribution of Fennoscandian lakes
to the methane budget of the atmosphere is estimated
as 320 ± 23 KtCH4 per year. Methane f lux into the
atmosphere from small lakes in the region equals 17%
of the total methane emission from the lakes under
study, from middle and large lakes amounts to 46 andIZVESTIYA, ATMOSPHER37% respectively. The methane f lux per unit area from
Fennoscandian lakes is estimated as 2.6 ±
0.2 gCH4m–2yr–1, which is about 13% of the average
annual methane emission per unit area of the global
lake network. The Fennoscandian methane f luxes are
8.9 ± 2.9, 3.6 ± 0.3, 1.5 ± 0.1 gCH4m–2yr–1 from small,
middle and large lakes respectively. Thus among Fen-
noscandian lakes small lakes are the most intensive
sources of atmospheric methane per unit area.
Analysis of measurements of methane f luxes into
the atmosphere from Fennoscandian lakes has shown
that the bubble methane f lux is an essential part in the
total methane f lux from these lakes over the warm
period. Ebullition is estimated as 40–71% and 21–
80% of the methane emission for the deep- and shal-
low-water parts of lakes respectively. During the ice
cover period methane emission from shallow-water
parts of Fennoscandian lakes by means of vascular
plants reaches 11–16% of the annual methane emis-
sion from these parts of lakes. According to data on
methane eff luxes into the atmosphere during ice thaw
on Fennoscandian lakes, it is shown that 16–37% of
the annual total methane emission from these water
bodies is carried out by methane produced during the
ice cover period.
Observed climatic changes in the middle and high
latitudes of the northern hemisphere have led the ice
cover period on lakes to decrease, to changes in the
intensities of biogeochemical processes in the lake
water column and bottom sediments [51, 52]. Taking
into account the tendency to increase of the methane
emissions from northern lakes while reducing the ice
cover period on them [19], it is likely that the intensity
of the methane eff luxes into the atmosphere from the
lake network of the region under study will be intensi-
fied with the expected climate changes.
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